Abstract. A study was conducted to determine the relation between remotely sensed spectral data and measurements of vegetation-related hydrologic parameters in a semiarid rangeland in southeast Arizona. Throughout the measurement periods, ranging from June to September 1990, eight sites in the U.S. Department of Agriculture's Agricultural Research Service Walnut Gulch experimental watershed were monitored for water and energy fluxes and other meteorological and biological parameters. Corresponding spectral data were acquired with ground-based radiometers, low-altitude aircraft-mounted instruments, and Landsat thematic mapper sensors. Spectral indices were derived from measurements of surface reflectance, based on their response to variations in hydrologic parameters and sensitivity to unrelated variables, such as solar zenith angle and soil differences. A soil-adjusted vegetation index, SAVI (derived from red and NIR reflectance factors), was found to be highly correlated with the temporal changes in vegetation cover and biomass, but less successful in discriminating spatial differences in cover and biomass across the watershed. Significant relations were found between the surface-air temperature (Ts -Ta) difference and measurements of soil moisture content, though the shape differed from that previously published for bare soil. The relation between daily evaporation rate and measurements of (Ts -Ta) and daily net radiation was similar to that derived previously for irrigated pasture and dryland shortgrass in France but differed from that derived for irrigated wheat. These results emphasized the strengths and limitations of the use of spectral data for estimation of hydrologic characteristics of sparsely vegetated sites and suggested a need for reevaluation of common empirical relations between remotely sensed measurements and surface characteristics for application to rangeland areas. 0 2-1
Introduction
A major objective of hydrology is to better understand and quantify the processes that cause the changes in hydrologic storages and fluxes at local and regional scales. This is necessary to assess the role of the hydrologic cycle in a global context and predict the effects of natural and anthro pogenic changes on climate. Toward this goal, numerical hydrological models have been developed to evaluate sur face conditions and the energy/water budget and to monitor their long-term evolution [Shuttleworth and Wallace, 1985; Sellers et al. , 1986] . Most of these approaches require information about initial states (e.g., soil moisture) and knowledge of the spatial and temporal distribution of several surface characteristics (e.g., vegetation cover).
Remotely sensed spectral measurements can provide an indirect means of deriving geophysical quantities required as inputs to hydrological models. Satellite-and groundbased measurements of surface reflectance and temperature have been related to critical model requirements, such.as soil moisture [Idso et al., 1975] , land cover [Tucker, 1979] , precipitation [Rosema, 1990] , and vegetation status [Jackson, 1982] . Furthermore, surface temperature and reflectance have been combined with ground-based meteo rological data to directly evaluate surface energy fluxes, such as net radiation and evaporation [Jackson et al., 1977] . These relations are generally semiempirical and often site-specific, so they must be reevaluated for application to new geographic regions and different ecosystems. How ever, once the relationship is obtained and verified, it is possible to obtain integrated values of the hydrologic com ponents at catchment and regional scales using satellitebased sensors.
An ecosystem of particular interest to hydrologists is arid and semiarid rangeland. This ecosystem covers over 40% of the Earth's land surface and is one of the more sensitive land types to climate anomalies and land use practices. A recent experiment conducted at the Walnut Gulch experimental watershed (WGEW) in southeast [Kustas et al., 1991] pro vided the opportunity to derive relationships between re motely sensed data and basic hydrologic factors for a semiarid rangeland. This report presents an analysis of the variation of surface reflectance and temperature with the hydrologic factors of vegetation cover and biomass, soil moisture, and daily surface evaporation. The spectral reflectance data were converted to spectral ozone optical depths using the procedure described by Biggar et al. [1990] . These values were used as input to the Herman-Browning RTC [Herman and Browning, 1965] to provide at-satellite radiance values for several assumed values of surface reflectance, ranging from0.02 to 0.6. Based on these RTC-derived values and the TM sensor calibration, Landsat TM DCs were converted to surface reflectance factors. This procedure is similar to that described by Holm et al. [1989] and Moran et al. [1990] .
Since radiosonde profiles of atmospheric temperature, water content, and pressure were not available during the Landsat overpasses, retrieval of surface temperatures from the Landsat thermaldata (TM6) was achieved by comparing the surface temperature measurements (Ts) at the Kendall target with an average of the corresponding TM6 DCs to compute a DC-to-T, conversion factor (Table 1) Based on the narrow range of e measured at the eight METFLUX sites, it appeared that e was relatively consis tent across the grass/shrub continuum; Consequently, an average e of 0.98 was assumed for all sites during the monsoon and postmonsoon periods, resulting in less than a 1°C correction in most cases. For the dry season when grasses and forbs were not green, s was computed as an averageof the emissivitiesof the soil and shrubs weighted by their percent cover at each METFLUX site. This resulted in a dry season emissivity ranging from 0.972 at MF8 to 0.957 at MF4 with an average value of 0.961.
Approach for Estimation of Daily Evaporation From Remotely Sensed Data
An expression relating daily surface evaporation rate (Ed) in units of millimeters per day to Ts -ta (degrees Celsius) was developed by Jackson et al. [1977] based on a simplifi cation of (1),
Though the NDVI facilitates the classification and monitor ing of vegetation, it is also sensitive to soil background differences. Huete [1988] developed a soil-adjusted vegeta tion index (SAVI) to account for soil background effects,
where L is the soil correction term, suggested by Huete [1988] Ed=Rnd-Gd-B{Ts-Ta), (Figure 2 ). For all three sites the red reflectance decreased substantially with increasing dz. The NIR reflectance decreased to a lesser extent with 0Z for the north facing Kendall and Lucky Hills targets and increased slightly for the south facing Kendall target. As a conse quence of the red reflectance's approaching zero, the NDVI increased with 0Z, eventually approaching a maximum value of one. The SAVI showed a similar trend, though the increase was less dramatic than for the NDVI. It was apparent that the effect of 6Z on values of NDVI and SAVI was not only substantial, but also site specific. This makes any attempt to compensate for such effects very difficult.
Results and Discussion
Based on the substantial, site-specific influence of solar zenith angle on surface reflectance and Vis, it was necessary Color brown (7.5YR 4/2) to dark reddish brown (5YR 3/3) dark brown 7.5YR 4/2) to dark brown (7.5YR 3/2) greyish-brown (10YR 5/2) to dark brown (10YR 3/3) yellowish-brown (7.5YR 6/4) to dark yellowish-brown (10YR 4/4)
to limit further data analysis to measurements of surface reflectance at low solar zenith angles, corresponding to a measurement time of -1030 MST (the approximate time of the Landsat overpass). Five dates were chosen in 1990 and one in 1991 (Table 3) The relation between SAVI and vegetation parameters was investigated at Kendall for all measurement dates using aircraft-based measurements of surface reflectance (except DOY 252 when the red and NIR reflectance data were not available due to a loose connection on the airborne radiom eter). There was a strong, linear correlation between SAVI and both percent vegetation cover and vegetation biomass (Figure 6a ). Based on these limited results at Kendall, it appeared that the SAVI was capable of monitoring the temporal changes invegetation coverand biomass at a single site.
The SAVI was less successful in discriminating spatial differences invegetation parameters (Figure 6b Figure 9a with similar measurements of irrigated wheat published by Jackson et al. [1977] and irrigated pasture and dryland shortgrass published by Seguin and Itier [1983] .
Ta made by Seguin and Itier [1983] for irrigated pasture and dryland shortgrass produced a slope and intercept quite similar to that for the Monsoon '90 rangeland data ( Figure   9b ). As a follow-up to the work of Seguin and Itier [1983] , data from several "rangeland" experiments were combined and analyzed (see references listed in Table 4 for experimen tal details). Though the data trends looked similar, analysis of variance (ANOVA) indicated that the slopes of each data set were significantly different from one another (F = 35.06, degrees of freedom equaled 5.83, p < 0.001). Thus the hypothesis that the B value was independent of location for rangeland sites was rejected. Consequently, it was not appropriate to combine all the data sets in an attempt to derive a "universal" slope and intercept for these similar sites. However, it does appear that the slope derived by Seguin and Itier [1983] for medium-rough surfaces with unstable conditions (equation (8)) corresponds well with these measurements. This is encouraging, considering that these data sets were acquired at different sites with different roughness and thermodynamic properties, and the Ts -Ta values were measured at different times of day (though always near midday). These spatial and temporal differences may account for some of the scatter in the relation. The results presented in Figures 9b and 10 support the opinion [Seguin and Itier, 1983] that the relation between (Ts -Ta) and (Ed -Rnd) for stable conditions is different than that for unstable conditions. Noting the difference between the slopes for irrigated agriculture and rangeland data, it also supports the theory that sufficiently accurate values of Ed -Rnd can be obtained using (5) by stratifying targets into only two or three general categories [Carlson and Buffum, 1989] . In any case, results presented in Figure  10 imply good potential for developing a simple relation such as (8) that would be useful for estimating evaporation rates of rangelands.
Concluding Remarks
The results presented here are both discouraging and encouraging. For this sparsely vegetated rangeland site, relations were found between spectral data and hydrologic parameters such as vegetation cover, soil moisture, and Data sets 1-3 are illustrated in Figure 9b ; data sets 2-5, the rangeland sites, are illustrated in Figure 10 . WGEW denotes Walnut Gulch experimental watershed.
